Background: Pubertal onset is usually defined by breast development in girls and testicular growth in boys. Pubarche is defined as the attainment of pubic hair and is considered as a sign of pubertal transition. Pubarche is preceded by a gradual increase in production of adrenal androgens, DHEA and D4-androstenedione (Adione), a process termed adrenarche. Objective: To study the natural course of pubertal transition and the associations with adrenarche, body fat, and linear growth. Design and methods: A longitudinal study of 179 healthy children (89 girls) with higher socioeconomic background examined every 6 months for 5 years. Pubic hair stage, breast stage, genital stage, testicular volume (TV), height, weight, and four skinfolds were measured. Results: In girls, median age (25th and 75th percentiles) at thelarche (B2C) was 10.1 years (9.3-10.9). In boys, median age at attaining a TV O3 ml was 11.5 years (10.9-12.0). Median age at pubarche (PH2C) was 10.9 years (10.3-11.4) in girls and 11.6 years (10.8-12.4) in boys. Only 6.8% (4/59) of the girls and 24.6% (15/61) of the boys developed pubic hair as the first isolated sign of puberty. Serum DHEAS and Adione increased with age, although the increase in Adione was most pronounced in girls. No associations between early age at thelarche/testicular growth and increased body fat (BMI and sum of four skinfolds) were observed. Conclusion: Danish children rarely experience pubarche as the first sign of puberty. No associations between age at pubertal onset and body composition were found. Circulating levels of Adione, but not DHEAS, increased with the onset of puberty, although with large interindividual variability.
Introduction
The term 'adrenarche' describes the maturation of the adrenal cortex, a developmental process characterized by the activation of adrenal androgen production, principally DHEA and the metabolite, DHEAS, as well as D4-androstenedione (Adione). During fetal development, large amounts of DHEA and DHEAS are produced, but the production decreases rapidly after birth (1, 2) . The re-activation of the adrenal androgen production has been observed as early as 3 years of age and seems to be a gradual and ongoing process under ACTH stimulation (3, 4) . This process is reflected by an enlargement of the zona reticularis, resulting in an enzyme profile with low 3b-hydroxysteroid dehydrogenase type 2 expression and high cytochrome b5 (enhancer of 17,20-lyase activity of chromosome P450c17) and steroid sulfotransferase (SULT2A1) expression (5, 6) .
During puberty, DHEA is synthesized in high amounts, but the function of this steroid is still discussed and the physiological role of adrenarche is unknown (7, 8) . As the increase in adrenal androgens precedes the increase in estrogens in girls, adrenarche has been suggested to be involved in inducing puberty (9) . Furthermore, children with premature adrenarche may develop secondary central precocious puberty (CPP) (6, 10) . Adiposity may play a role for the timing of pubarche, and hormones related to body fat (leptin, insulin, and insulin-like growth factor 1) have been suggested to participate in initiation of adrenarche (3, 11) . The gradual increase in adrenal androgens precedes the appearance of androgen-dependent body hair, pubic hair (PH2), and axillary hair by peripheral conversion of DHEAS to testosterone and dihydrotestosterone.
Some studies have implicated that girls with premature adrenarche seem to be at increased risk of ovarian hyperandrogenism, polycystic ovarian syndrome (12) , insulin resistance, and metabolic syndrome (13, 14) . Therefore, we found it important to study the timing of gonadarche and pubarche and the possible associations with adrenal androgen levels and fat accumulation in healthy Danish children.
Materials and methods

Subjects
A total of 208 children participated in the longitudinal part of the Copenhagen Puberty Study. The study was conducted at two schools, both belonging to the upper 20% of Danish schools who are characterized by higher parental income and socioeconomic status according to a national investigation from 2011, http://krevi.dk/files/ Bilag_2_til_rapport_om_folkeskolens_faglige_kvalitet. pdf. Participants of non-Caucasian origin (17 girls and 11 boys) or with chronic illness (one girl) were excluded from the analyses for this study, resulting in inclusion of a total of 179 children (89 girls) aged 5.9-12.8 years at first examination. The children were examined every 6 months for 5 years (2006-2010).
Clinical examination
Pubertal stages were evaluated by clinical examination according to Marshall & Tanner (15, 16) . Breast stage and testicular volume (TV) were measured by palpation, TV to the nearest millilitre using Prader's orchidometer. In case of discrepancy between left and right side, the largest measurement was used for classification. Pubertal onset was defined as breast stage RB2 in girls and TV O3 ml in boys or pubic hair stage RPH2 (pubarche) in girls and boys. Gonadarche was defined as development of secondary sex characteristics due to pituitarygonadal activation (B2 in girls and TV O3 ml in boys). If breast tissue was palpated at an earlier examination but not present at the subsequent examination, the girl was graded as B1 (nZ6). Assessment of pubic hair staging was done by inspection.
All evaluations of puberty in the girls were performed by one of two female pediatricians and all evaluations in boys by one of three male pediatricians. Age at onset of pubic hair (PH2C), breast tissue (B2C), genital stage 2 (G2C), or TV O3 ml was assigned as the mean age between age at first examination in stage 2 and the latest examination in stage 1. Each child had two to ten examinations (median number of examinations: eight in girls and nine in boys). The dropout rate in the study was 39% (from 179 to 109 children). Boys and girls were divided into quartiles according to age at B2C or TV O3 ml: girls: Q1 %9.66 years, Q2CQ3 9.66-10.93 years, and Q4 R10.93 years; boys: Q1 %10.68 years, Q2CQ3 10.68-11.85 years, and Q4 R11.85 years.
As illustrated by flowchart (Fig. 1) , the onset of breast development (thelarche, B2C) was observed in 42 (47%) girls and onset of testicular growth (TV O3 ml) was observed in 44 (49%) boys during the study period. Pubic hair (pubarche (PH2C)) was attained in 104 (58%) children (50 girls) during the study period. Girls and boys were also classified according to their first sign of puberty: the girls, who began puberty with breast development alone (the 'thelarche pathway'), the boys, who began puberty with testicular growth above 3 ml alone (the 'testicular pathway'), the girls and boys, who began with pubic hair development alone (the 'pubarche pathway'), and the girls and boys, who began with breast development and pubic hair or testicular growth and pubic hair at the same time (the 'synchronous pathway').
Height was measured using a stadiometer (Holtain Ltd., Crymych, UK). Weight was measured using a digital electronic scale (Seca delta, model 707; Seca, Hamburg, Germany). Height was measured to the nearest 0.1 cm and weight to the nearest 0.1 kg. Height velocity was calculated as the height growth in centimetre per year from previous examination. BMI was calculated as weight (kg) divided by height (m 2 ). The thickness of four skinfolds (biceps, triceps, subscapular, and iliac crest) was measured on the left side of the body using a Holtain skinfold caliper calibrated to 0.2 mm (Harpenden, British Indicators Ltd., London, UK). Biceps: over the midpoint of the muscle belly. Triceps: over the midpoint of the muscle belly, midway between the olecranon, and the tip of the acromion. Subscapular: just below the tip of the inferior angle of the scapula. Suprailiac crest: above the iliac crest along the anterior axillary line (17, 18) .
Laboratory analyses
Blood samples were drawn between 0800 and 1000 h. They were clotted, centrifuged, and serums were stored at K20 8C until hormone analyses were performed. Serum FSH and LH were measured by time-resolved immunofluorometric assays (Delfia; PerkinElmer, MA, USA) with detection limits of 0.06 and 0.05 IU/l for FSH and LH respectively. Intra-and interassay coefficients of variation (CV) were !5% in both gonadotropin assays. Estradiol (E 2 ) levels were determined by RIA (Pantex, Santa Monica, CA, USA) with detection limit of 18 pmol/l and the intra-and interassay CV were 7.5 and 12.3% respectively. Testosterone levels were measured with the DPC Coat-A-Count RIA kit (Diagnostic Products, Los Angeles, CA, USA) with detection limit of 0.23 nmol/l and the intra-and interassay CV were 7.6 and 8.6% respectively. DHEAS and Adione levels were measured by specific solid-phase, competitive chemiluminescent enzyme immunoassays (Immulite 2000; Siemens, USA) with detection limits of 0.41 mmol/l and 1.04 nmol/l respectively. The intra-and interassay CV were 6.3-7.1 and 7.8-10.2% and 7.1-10.8 and 11.0-14.9% respectively.
Statistical analysis
To estimate the age at entry into a certain puberty stage (including whether or not attainment of a TV above 3 ml had occurred), a Probit analysis was used. For all individuals, the exact age at entry into a certain puberty stage was unknown. Some individuals had either already entered the stage at the first examination, in which case the current age at examination was known to be an upper bound for the true age at entry (left censored), or the individual had not yet entered the stage at the last examination, in which case the current age was a lower bound (right censored). For some individuals, the person had entered the stage at some examination but had not entered that stage at the previous examination. This yields an interval containing the true age at entry (interval-censored data). Only the interval in which the change occurred was included. Thus, no participants were included with multiple measurements. The Probit analysis takes properly into account the prospective follow-up study design and the three kinds of censoring.
The results are presented as median age at entry into the different pubertal stages as well as the 25th and 75th percentiles in the age at entry distribution. Levels of DHEAS and Adione 1 year before and 1 year after pubertal onset were compared by Wilcoxon signed rank test.
Statistical analyses were carried out using the SPSS Software (version 19; SPSS, Inc., Chicago, IL, USA) and the SAS Software (SAS 9: SAS Institute, Inc., Cary, NC, USA).
Ethical considerations
The Copenhagen Puberty Study was approved by the Local Ethics Committee (#KF 01 282214 and #V200.1996/90) and conducted in accordance with the Second Helsinki Declaration. The study is registered in ClinicalTrials.gov (identifier NCT01411527). All children and parents received written information and were invited to an information meeting. All children and their parents gave informed consent.
Results
Based on the entire cohort, girls experienced pubarche (PH2C) at a median age of 10.9 years and thelarche (B2C) at 10.1 years (Tables 1 and 2 ). In girls, where pubertal onset could be tracked, median ages at pubarche and thelarche were 10.8 (nZ50) and 10.3 (nZ42) years respectively. Four of 59 girls (6.8%) Boys who experienced TV >3 ml or PH2+ during study (n = 60)
Boys who did not experience TV >3 ml or PH2+ during study (n = 30)
Girls with known age at B2+ (but not PH2+) (n = 9)
Girls with known ages at both B2+ and PH2+ (n = 33)
Girls with known age at PH2+ (but not B2+) (n = 17)
Thelarche pathway (n = 46)
Synchronous pathway (n = 9)
Pubarche pathway (n = 4)
Boys with known age at TV >3 ml (but not PH2+) (n = 7)
Boys with known ages at both TV >3 ml and PH2+
(n = 37)
Boys with known age at PH2+ (but not TV >3 ml)
(n = 16)
Synchronous pathway (n = 10)
Pubarche pathway (n = 15)
Testicular pathway (n = 36)* Figure 1 Flowchart illustrating the eligibility and exclusions of 179 healthy children followed longitudinally for 5 years (two to ten examinations per child) in the Copenhagen Puberty Study. *Age at pubarche could not be calculated in one boy with known testicular pathway.
Pubarche, adrenarche, gonadarche, and body fat 131 EUROPEAN JOURNAL OF ENDOCRINOLOGY (2013) 168 www.eje-online.org entered puberty by the 'pubarche pathway' by developing pubic hair as the first sign of puberty, 46/59 (78.0%) by the 'thelarche pathway' by developing breast tissue as the first sign of puberty, and 9/59 (15.3%) by the 'synchronous pathway'. Noteworthy, six of the girls in the study developed breast tissue at one examination, which disappeared at the subsequent examination. Based on the entire cohort, boys experienced pubarche (PH2C) at a median age of 11.6 years and testicular growth (TV O3 ml) at 11.5 years (Tables 1  and 2 ). In boys, where pubertal onset could be tracked, median ages at pubarche and TV O3 ml were 11.8 (nZ53) and 11.5 (nZ44) years respectively. Fifteen of 61 boys (24.6%) entered puberty by the 'pubarche pathway', 36/61 (59.0%) by the 'testicular pathway', and 10/61 (16.4%) by the 'synchronous pathway'. Adrenal androgen levels (DHEAS and Adione) increased with age and with time to gonadarche and pubarche in both sexes (Figs 2 and 3) . The median level (25th and 75th percentiles) of DHEAS increased in girls from 0.5 mmol/l (!0.41-1.2) at 8 years of age to 1.7 mmol/l (1.1-2.5) at 13 years of age and in boys from 0.6 mmol/l (!0.41-0.9) at 8 years of age to 3.0 mmol/l (1.6-3.6) at 13 years of age. Adione increased in girls from !1.04 nmol/l (!1.04-1.6) at 8 years of age to 4.9 nmol/l (3.6-7-9) at 13 years of age in girls and from !1.04 nmol/l (!1.04-!1.04) at 8 years of age to 3.2 nmol/l (2.1-4.4) at 13 years of age in boys. The level of Adione, but not the level of DHEAS, increased earlier in girls compared with boys (Figs 2A  and D, 3A and D) . The level of Adione increased markedly with the onset of gonadarche and pubarche (Figs 2E and F, 3E and F). In girls, the level of DHEAS increased from 1.1 mmol/l 1 year before breast development to 1.6 mmol/l 1 year after breast development (PZ0.008), and Adione increased from 1.3 to 3.0 nmol/l (PZ0.008). In boys, the level of DHEAS increased from 1.7 mmol/l 1 year before testicular growth to 2.7 mmol/l 1 year after testicular growth (PZ0.000), and Adione increased from 1.3 to 2.7 nmol/l (PZ0.001). There was a large interindividual variability in the level of adrenal androgens with no apparent hormonal cutoff value corresponding to gonadarche or pubarche (Figs 2B, C, E and F, 3B, C, E and F).
The levels of adrenal androgens, BMI, skin folds, height, and height velocity according to age at B2C/TV O3 ml are illustrated in Supplementary Figs 1 and 2 , see section on supplementary data given at the end of this article. An earlier rise in the level of Adione, but not DHEAS, was seen in both girls and boys with early age at B2C/TV O3 ml (Q1) compared with average or later B2C/TV O3 ml (Q2CQ3 and Q4) (Supplementary Figs 1A and B, 2A and B) .
A large interindividual variability in BMI and sum of four skinfolds during the pubertal transition were observed. BMI, but not the sum of four skinfolds, increased with age. Girls with earlier thelarche (Q1) were taller and experienced an earlier pubertal growth spurt compared with those with average (Q2CQ3) or later thelarche (Q4). Boys with earlier testicular growth (Q1) were not taller but seem to experience an earlier and more pronounced growth spurt compared with those with average (Q2CQ3) or later testicular growth.
The steep increases in Adione and E 2 levels were not observed in the few girls entering puberty by the 'pubarche pathway' compared with girls entering puberty by the 'thelarche pathway' or the 'synchronous pathway', although no differences in the levels of DHEAS between pathways were observed (Supplementary Fig. 3 , see section on supplementary data given at the end of this article). In boys, no differences in the levels of DHEAS, Adione, or testosterone between pathways were observed.
Discussion
In this longitudinal study, we describe adrenal androgen secretion during the pubertal transition in healthy children. Obviously, others have suggested an increase in adrenal androgens with age but based on crosssectional data (19, 20) . Few longitudinal studies of adrenal function in children exist, and these are primarily based on very few subjects (21) or urinary samples (22, 23) . In addition, some studies based on longitudinally collected serum samples from patients with exaggerated adrenarche exist (24) . To our knowledge, this is the only longitudinal study with repetitive collection of serum samples based on healthy children.
Pubarche
In this longitudinal cohort study of pubertal transition based on healthy Danish girls and boys, median ages at first pubic hair development were 10.9 and 11.6 years respectively. In our Danish study, only 7% of the girls developed pubic hair as the first sign of pubertal onset, whereas this was the case in 25% of the boys. Interestingly, pubic hair as the first sign of puberty was observed approximately four times more frequently in boys than in girls. Pubarche appears to start at slightly younger age in our present longitudinal study compared with previous cross-sectional studies, but overall, the results correspond well with our data from Denmark (11.09 for girls and 12.38 for boys) (25, 26) and with the data from US (10.6 and 12.0 years respectively) (27) . The marginal differences may be due to the fact that the age at entering a certain stage (PH2C) differs from the age of being in a stage (PH2). However, only marginal differences exist between ages at entry into the various pubertal stages in the entire cohort compared with the selected group of children in whom the pubertal onset could be tracked.
Pubertal pathways
In girls, the onset of puberty was defined as either development of pubic hair (PH2) or breast tissue (B2) as suggested by Biro et al. (28) . In girls, the majority entered puberty by the 'thelarche pathway' or the 'synchronous pathway', and only 6.8% of the girls entered puberty by the 'pubarche pathway'. Our results were similar to data from Norway, where 8.4% (16/190 ) entered puberty by the pubarche pathway (29) , whereas the prevalence of girls entering puberty by the pubarche pathway was 11.6% in a UK study and 14.5% in a US study (28, 30) . In a mixed population of black and white US girls, the prevalence was even higher (31) . Significant difference between DHEAS levels 1 year before and 1 year after pubarche in girls (PZ0.000). **Significant difference between Adione levels 1 year before and 1 year after thelarche in girls (PZ0.008).
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Significant difference between Adione levels 1 year before and 1 year after pubarche in girls (PZ0.000).
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www.eje-online.org Likewise, the percentage of girls entering puberty through the 'synchronous pathway' was lower (15.3%) in our study compared with the Norwegian study (26.3%) and the US studies (46.3 and 55.7% respectively). The difference might reflect the different study designs; one study (29) combining one clinical examination with a later completion of a self-assessment form and another study (28) being longitudinal with annual examinations. The differences could also reflect differences in body fat content between the Scandinavian and the US adolescents. In addition, genetic/ethnic, environmental, and lifestyle factors not associated with body composition may also play a role.
Girls entering puberty by the 'pubarche pathway' show an increase in DHEAS, but not in Adione and E 2 as opposed to the girls entering puberty by the other pathways. This indicates that circulating steroids are primarily derived from the adrenals in these girls. Thus, the increase in Adione in the latter groups could partly be mediated by activation of the hypothalamicpituitary-ovarian axis leading to ovarian production of Adione (32) . In accordance, it has been shown that the ovaries contribute to 50% of the Adione production in premenopausal women (33) . A contribution to pubic hair development by androgens from the ovaries is supported by results from a study of girls with Turner syndrome with primary ovarian failure who, regardless of high levels of DHEAS, developed pubic hair later (34) . Early pubarche has been suggested to be associated with risk of ovarian hyperandrogenism (12) . As shown in Supplementary Fig. 3C , we cannot evaluate Adione levels in pubarche pathway girls above 14 years of age due to the design of our study and therefore cannot exclude development of ovarian hyperandrogenism later in life.
In boys, the prevalence of pubarche as the first sign of puberty was higher than in girls. In a longitudinal study of 84 boys, Biro et al. (35) observed only four boys with pubic hair and TV %3 ml ('pubarche pathway') compared with 39 boys with TV O3 ml and no pubic hair ('testicular pathway'). In another longitudinal US study, not reporting TV, Susman et al. (31) reported genital stage as the first sign of puberty in the majority of boys (91% (389/427)).
Body fat
In general, it is believed that an inverse association exists between body fat and age puberty. In girls, we did not observe apparent differences in BMI or sum of four skinfolds between those with earliest thelarche compared with the others, although it is difficult to draw cause and effect between the timing of the onset of puberty and the preexisting body composition as most children were more than 9 years when examined. Furthermore, these data are limited to BMI and thickness of four skinfolds. BMI does not necessarily reflect body fat, as we have earlier shown that girls with CPP had similar BMI, but significantly increased total body fat percentage by dual-energy X-ray absorptiometry compared with controls (36). 
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Significant difference between DHEAS levels 1 year before and 1 year after pubarche in boys (PZ0.000). **Significant difference between Adione levels 1 year before and 1 year after testicular growth in boys (PZ0.001).
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Significant difference between Adione levels 1 year before and 1 year after pubarche in boys (PZ0.001).
In boys, we found no association between early age at onset of testicular growth and increased body fat (BMI and sum of four skinfolds). In accordance with these findings, a study reported no associations between age at pubarche/adrenarche and markers of body fat, glucose, and insulin in boys with premature pubarche (37) . By contrast, one US study reported that boys with lower BMI were less likely to enter puberty through the pubarche pathway (38) and another study observed an association between higher level of adrenal androgens and higher BMI in boys (39) .
Height and height velocity
Timing of puberty was associated with height in girls and with height velocity in both sexes. Although the height was measured every 6 months, the children, especially the girls, grew rapidly throughout the peripubertal period and the individual pubertal growth spurts were not as clearly depicted as anticipated. We speculate that this is partly caused by the early maturing girls who might already have had their growth spurt, as other studies have shown that a proportion of girls have their growth spurt before reaching B2.
Adrenal androgens
Circulating levels of Adione, but not DHEAS, increased with the onset of puberty, although with large interindividual variability. Furthermore, a steeper increase of Adione was seen in girls than in boys. A gender difference in the level of Adione and in the ratio of DHEAS/Adione exists, supported by a study of Korth-Schuz et al. (1976) (19) . The gender difference may be derived from ovarian vs testicular production of Adione or derived from differences in the activity of 17,20 lyase, which converts steroidal precursors to C19 steroids. As adrenarche is an event unique to humans and a few other primate species, the research in this field is limited, but animal studies suggest a sex difference in the production of adrenal androgens (40) . In this longitudinal study, an association between Adione and E 2 is observed, which could be explained by the ovarian contribution of androgen production.
The marked interindividual variability in adrenal androgen levels at the time of pubertal onset, as well as the marked gender differences, imply that other factors like androgen sensitivity in peripheral target tissues must play a role.
Limitations
The study is limited due to lack of completeness of data as breast development and testicular growth could only be tracked in half of the included children. However, age at entry into the various pubertal signs did not differ between the group in whom age at pubertal onset was observed and the entire cohort. Furthermore, the children included in our study may not be representative for all Danish children as both schools have students with higher than average socioeconomic background.
In conclusion, the majority of healthy Danish children start puberty by breast development or testicular growth before development of pubic hair. No associations with age at pubertal onset and body composition were found in either of the sexes. Circulating levels of Adione, but not of DHEAS, increased with the onset of puberty, although with large interindividual variability. The distinct increase in Adione levels in girls at pubertal onset was most likely due to increased ovarian contribution to the circulating levels of androgens.
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